The human immunodeficiency virus type 1 (HIV-1) circulating recombinant forms (CRFs) 08_BC (CRF08_BC) and 07_BC (CRF07_BC) are two highly prevalent strains that are circulating in Asia and causing hundreds of thousands of infections in China (42) . HIV-1 CRF08_BC, a descendant of the parental subtypes BЈ and C, was first described in the Guangxi province in southern China around 1997 (26) . CRF08_BC is thought to have originated in Yunnan province (20, 49) and has spread to other regions of China, particularly in the south (26, 51) . HIV-1 CRF07_BC is a related but distinct BЈ/C recombinant that was first reported in 1997 in Xinjiang and is predominant in the north of China; its origin has also been traced to Yunnan province (38) .
Yunnan is located in southwestern China, bordering the "Golden Triangle" region of Southeast Asia, one of the world's largest heroin-producing regions. Yunnan plays an important role as the entry point for heroin smuggling into, and possibly beyond, China (2) . Yunnan province is considered an epicenter of HIV/AIDS in China, and an HIV-1 outbreak there was first detected among injecting drug users (IDU) in 1989 (53) . The early phase of the epidemic was due to subtype B strains of both North American and Southeast Asian (BЈ or Thai B) origin (47) , with subtype BЈ later becoming the dominant strain among IDU in the region (10, 45) . The subtype distribution then shifted in the early 1990s, when a subtype C strain closely related to Indian isolates emerged and subsequently became the predominant circulating strain (19) . CRF01_AE from Thailand may also have entered Yunnan as early as 1993, possibly through sexual transmission networks (3) . Following cocirculation of subtypes BЈ and C in the region, various phylogenetically distinct BЈ/C recombinants-including CRF08_BC and CRF07_BC-were formed and subsequently spread outside Yunnan province. Drug trafficking activities, compounded by local heroin use along the trafficking routes, have been implicated in the spread of CRF08_BC and CRF07_BC across China (2) . Although molecular epidemiologic surveys have previously reported the identification and characterization in various parts of China of CRF08_BC, CRF07_BC and their putative subtype C parental lineages (19, 26, 32, 38) , the specific times of emergence and divergence of these strains in the world's most populous nation remain uninvestigated and unknown. Genealogical analysis is needed to reconstruct the epidemiological history of viral populations (8, 9, 43) , which can lead to better understanding of HIV transmission and improved prevention programs.
In this study, we investigated the spatial and temporal spread of HIV-1 CRF08_BC and CRF07_BC in China by reconstructing the evolutionary histories of these strains using recently developed Bayesian analysis methods. In addition, we also assessed the phylodynamics of the subtype C lineage of Indian origin in order to provide a more comprehensive picture of the movement of subtype C and its related recombinants in the region. Here, we demonstrate and provide a timescale for the eastwards spread of HIV/AIDS in East Asia, and we highlight the significance of HIV-1 evolutionary history upon viral epidemiology, migration and molecular taxonomy.
MATERIALS AND METHODS
HIV-1 CRF08_BC and CRF07_BC sequence information. HIV-1 CRF08_BC nucleotide sequences with known sampling dates were retrieved from the Los Alamos HIV Sequence Database (www.hiv.lanl.gov). Eighty-one CRF08_BC sequences, including the reference strains previously reported by our laboratory and others, were isolated from the provinces of Yunnan (n ϭ 31; southwestern China), Guangxi (n ϭ 44; southern China), Gansu (n ϭ 1; northwestern China), and Liaoning (n ϭ 5; northeastern China) (11, 15, 17, 26, 32, 48, 49) . Samples from Yunnan province were collected mainly from Kunming, Honghe, and Wenshan prefectures, while isolates from Baise city, Binyang, and Pingxiang counties represented the Guangxi autonomous region. Liaoning sequences were derived from the provincial capital Shenyang. The nonrecombinant gag-pol region of CRF08_BC was selected for codon-based alignment, phylogenetic reconstruction, and coalescent analysis (14) . This spans the region from p2 in gag to the reverse transcriptase in pol (strain HXB2 nucleotides 1918 to 2852; 921 bp in length) and is of subtype C origin. Similarly, 22 CRF07_BC sequences with known sampling years were retrieved from the database. These CRF07_BC sequences were isolated from Yunnan (n ϭ 10), Xinjiang (n ϭ 6; northwestern China), and Liaoning (n ϭ 6) provinces (11, 17, 22, 32, 38, 48, 49) . Except for five sequences from Xinjiang, all of the CRF07_BC nucleotide sequences have been previously reported by our laboratory. Although the Liaoning patients were recruited in the provincial capital Shenyang, interviews with the patients revealed that only one was possibly infected in Liaoning, whereas four patients reported having acquired the infection in Guangdong (southeastern) province and one patient in Sichuan (central) province. The 420-bp nonrecombinant gag region of CRF07_BC, which is of subtype C origin and encompasses the p17 and partial p24 proteins (HXB2 nucleotides 790 to 1218) was aligned for phylogenetic and evolutionary analyses. Demographic information and risk category for the persons from whom studied isolates were obtained are summarized in Table 1 .
Bayesian MCMC evolutionary analyses. Genome region-specific rates of evolution were obtained from a reference set of subtype C sequences using BEAST, version 1.4 (7), a program that employs a Markov chain Monte Carlo (MCMC) algorithm to estimate evolutionary parameters. To perform these analyses, subtype C regions of gag-pol and gag that correspond to the nonrecombinant subtype C segments of CRF08_BC and CRF07_BC, respectively, were retrieved from the HIV sequence database. The resulting heterochronous reference data set contains 41 subtype C sequences sampled between 1989 and 2005, a date range of about 17 years. Maximum-likelihood phylogenies were estimated for each subgenomic region of CRF08_BC and CRF07_BC and for the heterochronous subtype C reference data set using PAUP*, version 4.0 beta (40) , and BEAST, version 1.4 (7) . All nucleotide alignments are available from the authors upon request.
Strict and relaxed molecular clock (5) analyses were performed under the Hasegawa-Kishino-Yano (HKY) (12) and general time-reversible (33) substitution models, with a gamma-distributed model of among-site rate variation with four rate categories (⌫ 4 ) (50). Here, the demographic model component of the BEAST analysis was not of interest, and, hence, it was treated as a nuisance parameter. Each analysis was therefore repeated using constant size, exponential, and logistic growth models in order to investigate the degree to which dating estimates are affected by the demographic model chosen (6) . Each MCMC analysis was run for 20 million steps and sampled every 10,000 states. The posterior densities were calculated with 10% burn-in and checked for convergence using Tracer, version 1.4 (28) . The posterior distribution of evolutionary rate obtained from the heterochronous reference data set was subsequently incorporated as a prior distribution for the evolutionary rate in the HIV-1 CRF08_BC and CRF07_BC analyses, thereby placing a timescale on the histories of these strains and enabling an estimation of the time to the most recent common ancestor (tMRCA) for the strains (27) .
In order to test the possible effects of intrasubtype recombination on the estimated dates, we applied in BEAST a multiple unlinked locus model that allows independent coalescent pathways for different gene loci (16) . The "linked" gag-pol gene was partitioned into two unlinked loci of equivalent length, denoted locus 1 (HXB2 nucleotides 1918 to 2390) and 2 (HXB2 nucleotides 2391 to 2852), and their tMRCAs were estimated in the Bayesian coalescent framework assuming a shared demographic history among all loci. Genealogical correlation between the linked and unlinked loci was evaluated by assessing their divergence dates.
Evolutionary analysis of subtype C. HIV-1 subtype C, probably of Indian origin, was identified as a major circulating strain in China in the early 1990s and is believed to be the putative parent for CRF08_BC and CRF07_BC (19, 20) . To assess the divergence times of subtype C in both India and China, "pure" nonrecombinant subtype C genetic regions from 12 nearly full-length subtype C sequences of Indian origin (including a nearly full-length sequence from Myanmar [41] ) were retrieved from the HIV Sequence Database. Additionally, 112 subtype C-related env sequences (HXB2 nucleotides 6984 to 7328; 336 bp) isolated from China were retrieved; these Chinese sequences were typed as subtype C (n ϭ 14), CRF08_BC (n ϭ 87), and CRF07_BC (n ϭ 10) and one BЈ/C unique recombinant form. The methods described above were used to estimate phylogenies, genome region-specific evolutionary rates, and tMRCAs of the Indian and Chinese strains from the gag-pol and/or env genes. Furthermore, select subtype C sequences from other localities (31 full-length sequences from Africa and also Brazil) were also studied in order to assess the time of origin of the global HIV-1 subtype C.
RESULTS
A total of 103 HIV-1 BЈ/C circulating recombinant forms were retrieved from at least five provinces/autonomous regions representing a relatively wide range of locations across mainland China, three of which have the highest recorded HIV prevalences in the country (Yunnan, Guangxi, and Xinjiang) (23) . Nucleotide sequences of the nonrecombinant regions of HIV-1 CRF08_BC (n ϭ 81) and CRF07_BC (n ϭ 22) from IDU (86.3%) and sexual risk patients (13.7%) were selected, codon aligned, and analyzed using likelihood and Bayesian approaches to determine their evolutionary relationships in various regions. Additionally, subtype C or subtype C-related sequences from India and China (n ϭ 124) were also analyzed to determine the time of origin of these lineages.
Phylogenetic reconstruction of the gag-pol gene (Fig. 1a ) showed that all CRF08_BC sequences grouped in a single clade containing isolates from four Chinese regions: Yunnan, Gansu, Liaoning, and Guangxi (Baise city and Binyang and The env (HXB2 nucleotides 6984 to 7328) phylogeny of subtype C, CRF08_BC, CRF07_BC, and a BЈ/C unique recombinant form isolated from China. Ancestral relationships are estimated using PAUP*, version 4.0 beta (40) , and BEAST, version 1.4 (7) . Subtype C of Indian origin, thought to be the putative parent of both CRF08_BC and CRF07_BC (19, 20) , is also included. The CRF08_BC gag-pol and CRF07_BC gag tree branches are colored according to their respective geographical locations while the env tree branches show the respective HIV-1 subtype/CRF. Posterior probabilities greater than 0.5 are shown at their respective nodes.
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Pingxiang counties). These sequences were descended from subtype C isolates of Indian origin, confirming the parental relationship of Indian subtype C with respect to CRF08_BC. Yunnan sequences collected from different prefectures (Kunming, Honghe, and Wenshan) (49) were largely intermingled with sequences from Gansu, Liaoning, and Guangxi (Baise), suggesting close relationships among these sequences. However, other sequences from Binyang county (and also Pingxiang) in Guangxi formed a distinct monophyletic cluster that diverged from the Yunnan/Baise isolates and further bifurcated into three major clusters (indicated as clusters 1 to 3). Cluster 1 contained sequences from Binyang (n ϭ 30) and Pingxiang (n ϭ 2), while clusters 2 and 3 contained seven and two Binyang sequences, respectively. The robustness of each cluster was supported by high posterior clade probabilities (P Ͼ 0.95). Similarly, CRF08_BC sequences from Liaoning province (except that of one subject who acquired the infection in Yunnan) also formed a single cluster. Bayesian analyses under different evolutionary models estimated consistent mean rates of evolution () for the CRF08_ BC gag-pol gene, in the range of 1.7 ϫ 10 Ϫ3 to 1.8 ϫ 10
Ϫ3
substitutions/site/year. This range of rates was included as a prior probability distribution in subsequent analyses in order to calculate the tMRCA of the respective CRF08_BC clusters.
When the constant size population model and HKY substitution model were used, the Yunnan (and Gansu) clusters were dated to 1990.3 (95% credible region [CR], 1988.6 to 1991.9) ( Table 2 ). CRF08_BC was probably introduced later into Baise city in neighboring Guangxi around 1995.5 (95% CR, 1994.3 to 1996.5). This is in agreement with previous epidemiological investigations, which reported the first outbreaks of CRF08_ BC (then classified as subtype C based on env gene sequencing) in this area (26, 51) . Interestingly, the tMRCA of the Liaoning cluster is estimated at 1995.6 (95% CR, 1993.4 to 1997.5), comparable to that of Guangxi, and sequences from both these regions trace their origins to Yunnan. This suggests that the epidemics in Liaoning, an area with low HIV/AIDS prevalence, and Guangxi could have started at almost the same time. As shown in the gag-pol phylogeny (Fig. 1a) , subsequent spread of CRF08_BC among the IDU populations in Binyang and Pingxiang involved at least three viral lineages (clusters 1 to 3) descended from the Yunnan or Baise sequences between 1997 and 1999 (Table 2 ). In addition, all Binyang and Pingxiang sequences contained signature amino acid deletions in gag (p7, p1, and p6) and in reverse transcriptase at position P25 (amino acid alignment not shown) that were not found in other CRF08_BC sequences, suggesting a shared common ancestor for these strains. Overall, the evolutionary and statistical as- Five patients recruited in Liaoning are reported as having acquired HIV infection outside Liaoning (see Table 1 ).
c Constant size and exponential growth analyses based on the hypervariable region-stripped env gene previously described (43) .
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sumptions applied in the coalescence analyses have almost no effect on the estimated dates (results generated under the general time-reversible nucleotide substitution model are shown in Table S1 in the supplemental material). In addition to strict molecular clock analyses, we also explored the relaxed phylogenetic method (5) to estimate the divergence times for each data set. The results, under selected evolutionary priors, were comparable to those described above (see Fig. S1 in the supplemental material for a summary). Our analysis reconstructs the chronological events of HIV-1 expansion by retracing the north-eastward and eastward migration of CRF08_BC to Liaoning and Guangxi, respectively, most likely from a common source in Yunnan province. However, we note that the estimated coalescence times, particularly for clusters with a small number of sequences, may be biased and hence more recent than the date of outbreak. This is because, among other factors, the extant virus diversity has been partially sampled; alternatively, the founding/parental lineages of the outbreak have since become extinct or are yet to be discovered (1, 43) . Conversely, all gag sequences of CRF07_BC from Yunnan, Xinjiang, and Liaoning formed a single cluster, with subtype C isolates of Indian origin paraphyletic with respect to CRF07_ BC (Fig. 1b) . Coalescence analyses under a constant size population model (estimated evolutionary rate, ϭ 4.4 ϫ 10
substitutions/site/year) imply that the common ancestor of the Chinese CRF07_BC isolates existed around 1993.3 (95% CR, 1991.2 to 1995.2) ( Table 2 ). This is in agreement with previous studies, based on the env gene, which dated the divergence time of CRF07_BC to about 1993 (43) . The exponential and logistic demographic model gave slightly lower substitution rates and hence older MRCA estimates. Harmonic means of the coalescent likelihood estimated using marginal likelihood analysis (39) , however, showed that other tree models do not significantly fit the gag data set better than the constant size population model (log 10 Bayes factors of Ͻ3.0), suggesting that there could be insufficient information in the data to fit a more complex model. The logistic model meanwhile was strongly supported over the exponential model (log 10 Bayes factors of 4.4). In addition, it is important to note that among the six Liaoning sequences, only one patient reported having acquired the infection in Liaoning while other patients referred to Guangdong or Sichuan provinces as the likely location of HIV infection, mainly through intravenous drug use. The evidence, therefore, suggests that CRF07_BC sequences from Xinjiang, Liaoning, Guangdong, and Sichuan can probably be traced to a common origin in Yunnan province, a similar pattern to that observed for the CRF08_BC sequences from different regions.
Maximum clade credibility trees revealed that the env sequences of subtype C (from India, China, and Myanmar) and of CRF08_BC, CRF07_BC, and other subtype C-related recombinants from China were intermingled in a single cluster, indicating a shared common ancestry, with subtype C strains of Indian origin as outgroup founder strains (Fig. 1c) . Coalescence analyses of the gag-pol and env genes dated the tMRCA of subtype C strains from India and Myanmar to around the mid-to late 1970s ( Table 2) . Analysis of 14 env sequences suggests that subtype C spread into neighboring China later, in 1981.2 (95% CR, 1976.7 to 1985.9), most likely in Yunnan province. Together, the phylogenetic and coalescent results map the eastward movement of subtype C from India to China, probably through Myanmar (2), between the mid-1970s and early 1980s. Finally, the time of origin of the global HIV-1 subtype C was dated 1967.6 (95% CR, 1962.5 to 1972.0) and was highly consistent with previous estimates (44) .
To evaluate the possible effects of intrasubtype recombination on the tMRCA estimates, we considered a multilocus model (16) that assumes different genealogies for each locus of the unlinked gag-pol data set. BEAST analyses revealed that the tree topologies (figures not shown) and the estimated tMRCAs for the unlinked loci were not significantly different from those of the linked gag-pol locus among the overlapping 95% CRs for each locus, especially in those states with younger tMRCAs (Fig. 2) . The results suggest that intrasubtype recombination within HIV-1 subtype C and CRF08_BC may not have significant biases on the MRCA dates (16) .
DISCUSSION
To our knowledge, this is the first genealogy-based population genetic study of the divergence times of HIV-1 CRF08_ BC and CRF07_BC across China. CRF08_BC and CRF07_BC are two subtype C-related recombinants with significant epidemic impact in China and beyond (42, 43) . Prior to the emergence of CRF08_BC and CRF07_BC (26, 38) , subtype C isolates closely related to Indian strains predominated, especially in the southern part of China (19) . Later, subtype C recombined with subtype BЈ (10, 45, 47) to form these recombinants. Both recombinants, long thought to have originated from a common birthplace in Yunnan province (20, 49) , later dispersed to other areas primarily through drug use and trafficking activities (2) . The present study provides new information on the evolutionary and epidemiological characteristics of HIV-1 by establishing the plausible dates of origin and geographic migration patterns of CRF08_BC and CRF07_BC across China. Although the early Indian subtype C strains play no major role in today's epidemic in China, the date of introduction of subtype C into China helps to provide a more complete picture of the epidemic history of subtype C and its related recombinants in East Asia (Fig. 3) .
The Bayesian coalescence analyses show that CRF08_BC emerged in Yunnan province of China in the early 1990s. The virus then spread eastward to neighboring Guangxi (in Baise city near the Yunnan-Guangxi border) in the mid-1990s; this is consistent with historical accounts of CRF08_BC among IDU in this region (24) . Inside Guangxi, highly homogeneous CRF08_BC strains from Baise (26, 52) were multiply introduced into Binyang county in 1996 to 1999 and are predominant among IDU (15) . Moreover, the relatively recent introduction of CRF08_BC into Pingxiang in the late 1990s estimated here suggests a southward distribution of CRF08_ BC near the China-Vietnam border, although CRF01_AE strains closely related to strains of northern Vietnam account for the majority of IDU infections in this region (13, 15) . It is also interesting that the CRF08_BC epidemic in Liaoning province, a geographically remote area with low HIV prevalence located in northeastern China, started at almost the same time as that in Guangxi. Our results imply a rapid and simultaneous expansion of CRF08_BC from a common origin in Yunnan to Guangxi and as far as Liaoning province. Although a general trend of migration has been observed, it is essential VOL. 82, 2008 PHYLODYNAMICS OF HIV/AIDS IN CHINA 9211 to stress that the estimated dates-which merely imply the coalescence times of select viral strains-might not accurately reflect the actual time of CRF08_BC spread in a given region, especially when the sampled population clusters are small. Until more archival specimens are retrieved and thoroughly studied, the complex temporal movement of CRF08_BC lineages (and also other subtypes/CRFs) must be interpreted with discretion. Phylogenetic reconstruction and coalescence inference show that the CRF07_BC isolates from different mainland Chinese regions (including Xinjiang, Liaoning, and probably Guangdong and Sichuan) most likely share a common ancestor that existed in 1993 in Yunnan province (20, 49) . However, it is noteworthy that a single CRF07_BC sequence and a unique BЈ/C recombinant sequence were located at the base of the env maximum-likelihood tree, along with Indian subtype C sequences. This could be explained by two possibilities: (i) there is a recombination breakpoint within the region studied that rendered the phylogenetic inference inaccurate, or (ii) this is a new recombinant that has acquired an Indian subtype C env gene. Since no recombination breakpoint is identified within this region, it is likely that a recombination event in the env gene involving CRF07_BC and a "founder" Indian C lineage has occurred before the sequence was sampled (where the putative recombination breakpoints are probably located outside the studied region), a phenomenon which is not uncommon (49) . Similar explanations also can be applied for the few CRF08_BC sequences that grouped outside the monophyletic cluster in the env region.
We previously investigated the spatiotemporal spread of CRF07_BC in Taiwan using env gene sequences (43) . CRF07_ BC was first introduced into southern Taiwan in the late 1990s, most probably from southwestern China (18) , and later spread to the central-northern part of Taiwan in the early 2000s, resulting in the largest-ever HIV epidemic in Taiwan, mostly affecting IDU populations. Adding these results to our new analyses performed here, we have retraced the expansive migration of HIV-1 CRF07_BC from its origin in Yunnan to (a) Xinjiang by the north-westward drug trafficking paths, (b) to Liaoning either by direct introduction from Yunnan or through Guangdong/Sichuan, and (c) to Taiwan, possibly through southeastern China via drug trafficking routes.
Recombination is common in HIV infection (31) and serves as one of the intrinsic evolutionary mechanisms that shape the complex HIV diversity. Besides intersubtype recombination, recombination involving closely related lineages of the same subtype within a single individual has been reported (25, 34, 36) , leading to possible quantitative discrepancies on linkage disequilibrium, including the loss of phylogenetic correlation between different loci and biases in the genealogical characteristics (i.e., overestimation of the tMRCA) along the HIV genome (35, 46) . Our study, however, showed that intrasubtype recombination has no significant impact on the estimated coalescence dates (Fig. 2) -a feature previously observed in HIV-1 group O (16). This could possibly be explained by the high growth rates of HIV-1, as characterized by its star-like population phylogeny (29) where the terminal branches form a substantial proportion of a tree. In the rapidly growing HIV-1 population, recombination events are more likely to affect the terminal branches by increasing the variance in mutation rates rather than biasing the tree topology (16, 21) . Consequently, intrasubtype recombination, despite occurring at high frequency, may not significantly influence the divergence times of HIV.
The currently adopted HIV-1 nomenclature guidelines classify HIV-1 CRFs sequentially, according to the first described (26) and CRF07_BC (38) , two related but distinct BЈ/C recombinants in Yunnan. Further spread of CRF08_BC and CRF07_BC into other regions in the 1990s mainly through injection drug use (2) has been implicated as the major force spurring the HIV/AIDS epidemic in China. The tMRCAs of CRF08_BC, CRF07_BC, and subtype C strains representing different geographical locations are summarized in Table 2 . full-length or nearly full-length genetic sequences obtained (30) , without taking into account the evolutionary history of the viruses (1) . Our studies of all available CRF08_BC and CRF07_BC sequences with known sampling dates have shown that CRF08_BC has an earlier evolutionary history than CRF07_BC, which is not readily indicated by the current naming system. We show that CRF08_BC was probably generated approximately 10 years after subtype C of Indian origin was first introduced to Yunnan province, around 1981. CRF07_BC was formed in the same province a few years later, around 1993. The findings highlight the feasibility and relevance of incorporating evolutionary population biology into HIV-1 classification to better reflect the evolutionary pathways of the viruses, particularly for those recombinants with close phylogenetic, genealogical and geographical links (4, 37) . Here, we reconstruct the epidemic histories of HIV-1 CRF08_BC, CRF07_BC and related sequences, inside and beyond China. Injection drug use remains a major transmission mode for HIV-1 CRF08_BC and CRF07_BC throughout China. Phylodynamic investigations are therefore important in unifying the epidemiological and evolutionary dynamics of the highly divergent and rapidly expanding HIV-1 subtypes and CRFs in Asia and elsewhere.
